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Design of Nonlinear PI Controller for Speed Control of
Marine Gas Turbine Engine

Yu-soo Lee

Department of Marine Engineering
Graduate School of Korea Maritime and Ocean University

Abstract

The gas turbine engine has widely been used in various industrial fields, including
cogeneration power plant and aerospace as it features a high output per unit
volume, quick activation, and easy operation. It is also used as a propulsion engine
for naval vessels. The key factors to be taken into consideration in research and
development of gas turbine engine include the polar inertia moment of the rotor
system, maximum temperature of the turbine blade, and the surge, rotating stall,
and the choke of the compressor. In particular, the performance of a gas turbine
engine depends on how close its speed can get to the surge boundary. That is, the
occurrence of a surge makes a negative effect on the performance and the engine
itself due to a serious dynamic interference inside the gas turbine engine.
Therefore, it is essential to control the speed of a gas turbine engine to prevent
surge from occurring. The gas turbine engine is composed of a gas generator,
output turbine while the gas generator is comprised of a compressor, combustor,
and a high pressure turbine.

Against this backdrop, this study intends to control the speed for the gas generator
only, which is a key element of a gas turbine engine with no consideration of the
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output turbine. For this, several sub models should be obtained based on the
commissioning data on the operating point in linear model of gas generator. Next,
design a nonlinear PI controller for each sub-model. The nonlinear PI controller
changes the gain of the controller in line with the rate error of the gas generator
in a nonlinear manner. Make sure to use a nonlinear function and tune internal
parameters in a way of minimizing ITAE with RCGA.

In addition, consider design specifications to prevent overshoot from occurring in
order to ensure no occurrence of surge. And then, tune the parameters of
nonlinear PI controller with RCGA by adding a penalty function to the evaluation
function to resolve the constraint condition issue.

To verify the effectiveness of the proposed nonlinear PI controller, apply Chen’s
adaptive controller, Z-N’ s PID controller, and the proposed nonlinear PI controller
to the three sub models, perform simulation based on the variation of target
values on step and then compare their response performances. In addition, verify
the validity of the nonlinear PI controller with its design specification taken into
account to find out if it meets the constraint condition through simulations based
on the target value on step.

KEY WORDS: gas turbine engine; nonlinear PI controller; Real-Coded Genetic
Algorithm (RCGA); surge
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Table 2.1 System parameters of a marine gas turbine engine

Parameters | Descriptions Values | Units
Raoo Polar inertia moment of gas generator | 283 [N - m?
LHV Low Heating Value of fuel 10,200 [kcal/kg]
] Mechanical equivalent of heat 4.2x10° | [J/kcall
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2

4 2O% BFs ABst] ARAAL 1T AFHA PRl Y
wde ggw 2t

AN(s) KEeiLs o7
AGf(s)i Tps+1 '

A7, K,y = flat 712EN 718 oIS, T, = R/as AAS o e AZHAE Yepi,

AW}
—

Table 2.2 &2 9] Wslol| wel o5 Ky AASF T AAA LE Yepd Zlo
ot} 7}2EH 7B Y ARAAL AT AiT)oA Axste] 1gt BEZEA] A
7t Egdhe AIZbS 9nEta, 7€ A4l S R AT

Table 2.2 Gain, time constant and time delay in models of gas turbine engine

. . KE TE L[s]
Models Operating point [ ) i
Gain Time constant | Time delay
MD1 7,000 [rpm] 4.57 3.76 0.5
MD2 8,000 [rpm] 1.82 1.93 0.35
MD3 9,000 [rpm] 0.98 0.93 0.17

2.2.3 PLA 9§59 H
(D) =Felloly EH

PLA(Power Lever Angle) 9j3tol|o]E|:= DCRE], DCEES} 7|AH o2 AZH nEH
ydsl HEE A2 A7 dWE FAET Fig 2.3 H7]A Aol DC 28 9
325 vERd Zo|th
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AN A 7V = A9E =4k BEHO EH] AKEE ddke gteE =4

& g o, 71E3aE HHL Abgste] gad o] yehd 4 ITH21]

di,
Lige Tifate,=e 2.8)
A7IA, L= 982, i, A7 AR/, R, A7A A, e, 971AE, e, AV

DCEE S 3o o3 A= 7Y e, & JAEE vlFstER 2] (299 &
o] e & Ut

denl
e, = wa 2.9

A71M, K= 971349 A=, 0, 2H 9| 3=t
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4 29E 4 28 thdstd vha3 2o

dia . m
Laﬁ+ ZaRa + Kb dt = ei (210)

2E E3: DCRHY @xte] At Azbetd d71A AF i o washe] WAy
= oo 2ol el 4 ok

@11
A7NA, 7, & BE B4, K, & B3 gFel.

y Ty &

%o A4S YEa, RE Ed g, o 9%

(2.12)

s B0t}

dem B
o = w, OIER A QI0F 4 QIDF TE Zol e vl en wd
< F Atk
dia Ra . Kb 1
T R R A (2.132)
W D 1 K 2.13b)
dt o (]m Wiy ITL (]m 1q .
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L=, (2.130)

DCRES dHS A 28e AEERE 3t 9 4 21)e ALT+2E Yeglid o

Q m (8 ) K"L
_ (2.19)

E,(s) LJ, s+ (RJ, +L,B,)s+ (K, K,+R,B,)

a~m a~”m a m

ool The mE WAoE Ushd F gtk ARAL o B AR W
MAG AR S8 S5t sdAe] /A8 Sgnc @AS mEck 4714 AF i,
_L

WE ARl [, YL wS Aome AR 248 S T 4 2159 2tk

DCEEE 714 oAUAIE 7I1AA AUAZ ®stetes A= 780 &3 7]
i

- (2.15)

(2.19F 4 2.13b)ol thdste] gejstd DC 2H | 5L th=3 2 27

A
2]
o] Pl AR YEpd 4 ok

dwm o ( Bm KnLKb ) Km 1 (2 16 )
R I o
b _ (2.16b)
dt = Wy .

9 2 @216)NA R Fatol gt EA ¥ vpEAS B, S FAISY AGdTER
5

Yty DCRE O HFAQ e A2 ths3 24, 22].
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E(s)  RJ,s+K,K, @17

2 a~m m

@) A F=cllo1E] 8- Pl Ao17]

Ao olEf]l DC EH e S=Alol= W Pl Alo)7]1& AH&Rith DC 2E 9| 25+ 0
[radlol A 1.53[rad7bA] 33t Aol 748ta, 1.53[radle 7F2ERl 7]#o] 9,000 [rp
mle2 $RHI & we] Amelth. ojw] AHgE AFoolEle] 7 FAFe] vl H
g Table 2.3°) YeERAATh K, & PLA dFololE RE 9 FZ7] stepulE, Ky 2
Ty& Z47F Wi Pl Alo}719] wle o] 53} HE Azbe Jepd

Table 2.3 Parameters of an actuator system

Parameters Descriptions Values Units
R, Armature resistance 0.25 [VIA]
L, Armature inductance - [H]
T Torque of a DC motor - [N - m]
Tr Torque of a load - (N - m]
0,, Rotor angle of a DC motor - [rad]
w,, Angular velocity of a DC motor - [rad/s]
B, Viscous-friction coefficient - -
K, Torque constant 0.42042 [N - m/A]
K, Back emf constant 0.42042 [V - rad/s]
Ky Feedback gain of a DC motor angle 10.1368 [V/rad]
Kro Feedback gain of tacho-generator 0.03184 [V - sfrad]
I Inertia moment of a DC motor 0.002214 | [N-m -]
K, Gain of amplifier 10 -
Ky Proportional gain 4 -
Ty Integral time 0.5 [s]

Table 2.39] Jepr|ElS< FFarste] PLA dFollolele] A=8'e yehd E54H5= Fg. 2.
49} 2t ue B =&ddA Ak NPL Aloj7]e] S5dto s =83 dAE dsk=t
Ao AAle] £ o HIsh] 918 E3hrl(saturatonE s HojEH-e 23VIZ 7Pt
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DC actuator motor

Amlifier PI controller | |

v N * K, (1+ ! )
—> o ) K, v

Fig. 2.4 Block diagram of a PLA actuator system

2.2.4 HE Y WB

7hZ=ERL Z18e] eEEe 98 RS UHE dHe ey §f - ST ¥ Ao)
] o

>
)
o
d
—
=
©
o
o
o
o
Lo
e
=
N
S
R=h
Btk
2t
ol
2
A
flo of\
i)

E i Metering valve

orifice

Fig. 2.5 Principle of a fuel metering valve

Fig. 259} %o] PLA ojZolo|ele] 57 W] 2 vle= My w4 dsz 2l
@ duFe ATUSE YeE 4 @18)37 2ok
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Qls) _ K
o,,(s) Ts+1

(2.18)

A7)H, HMEF BrY ARSE TE WS Hoh PAG F UL, ARFFES Y

Mne] el B oS BAE Ushi| 2 (219, 2 2203 2k,

q= K., 2.19

A, (2.20)

2 =4 K& @3 ol5 o= AHESte LeA|ojA|~Hlo] A g3t E=F
Ze] 9T gukzloz 2o mel A9l TzAw] oz B

ol o wAsTh Ty B =ZdAe B4 A

& Blojd Holdeol S9N S aeskA &al, k2B 73] o ke e T
S w#ste] 2814, 22 AS7HA ) FAHLE 53 7Lé Els

Ay719} PLA dFollolE|E 233t AlHle] 545 Hg 267 Zo] vehd 4 Stk

H

Gas generator

Disturbance
d
a, ¢t |
v -+ K. s |rpm
e Ls
N 1+Ts

PI DCactuator | _n
controller motor

A

Fig. 2.6 Block diagram of gas turbine engine system
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2.2.5 SEA AN 2H | FEF3

¥

7t2ENl 7]38e] SEAAANRS RS 2y, 7y, 5, 7,5 =Y THAE o 2ok
: KI}KE 1
T, = T, Ty TE:UI (2.21a)
iy = @ (2.21b)
. KA KTHKVKHL KTGK Km + KbKnL Km
Ty = = Ty ™ T3 Ty
Ra Jm Ra Jm Ra Jm
1 Bafik, (2.21¢)
R, " <
. K KyKqpy KyKore Ky Ky
:C4 - ZZ—']V 2 TN :C3 + ZZ—']V u (2.21d)
A7A, & AAAE 23HA] &S ZH2ERl 7|3 £9 AT, 2,5 PLA o
Zolole wE|e] S0}, 1, PLA o36]0]E wE 9| ot
S Ae e ey o Eask e o
z(t)= Ax(t) +Bu(t—L) (2.222)
y(t) = Cal(t) (2.22b)
7] A,
1 Ku KE
e 0 0
Ty Ty
0 0 1 0
A= KA KTHK’VKHL (KTGKVK +KbKnL) Km
Ra Jm Ra Jm Ra Jm
; K, KyKry | EvKre ;
Ty Ty
— 18 —
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KA KN Km

, B= R J , C=11000] o]t}

a ~m

Ky Ky

Fig. 2.4%} Fig. 2.6 st 43 7k T47] ¢} PLA dFoo|B &

A 7F2EHl 7] 3] STA| A2

Collection @ kmou
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i

< E54% Fg 2.7 Zoh
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w2

A

A

A

Fig. 2.7 Block diagram of speed control system for gas turbine engine
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A 3 & FEuE HHJgE AT mALLIF

2 oA ARbstE 7F2EHRE 71He &5 Aojr|Y o5 ;e HHO=E
Ez87] 98 AEEE =724 A43Y $ALTEZRCGA : Real-Coded
Genetic Algoritms)[24]3} AAIALSFS g A=) tiste] Aot

Aol AREstE tHEHQ HZH3 7]HoltH24, 25]. ol 1975 Holland xl<+26]
o] A A<l Adaptation in Natural and Artificial SystemsE 3% sl 2 &du1dlE
9] o] 7|Hke gzl o] & Goldbergl2710] 2J3] BI<FA Q] WS

g ES Folxl & FxtllA HAY gs 2] 918 AAYE(survival
of the fittest)” o] 71'd-& H&3oh o]& &l Yol HAAFHE Hd F2 A=
FEHAY, AR e FAARE wdsta, JAA<Q XsKartificial evolution)E
doA HeKs] Feho] Has, o] et <okoll A A AHreproduction), lHR(crossover),
S (mutation)e} 22 A s |TE ek fA 04&1}7} Z-g-Hch 1}@9] A
< U P AgaEEse d
nimodality) ¥} 22 Thfgt Fejo] FAFIIo = RE } 51, 0]%%‘—’?(payoff i
untion)®} =& g<=(objective function) 9] ®AF kel thek AR A& 23}
A o, ule A3 B3 FNLAGE Ads] How FHAT= Aol The
sty =3, 712 B4 ZPH27]0] Zhe AARAT B gEA olgte 54

7HA, TS A1k "Alo] Ttk Aior I thEAom o HZHE AzH
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A48, 238 AHAE Y, BRA A2E, a9 2, TSP

A S&E o AREE AL QITH24, 251

ojf
o
&2

pe Hofo

(natural parameter)® wW#ste] AHEETH o]F FHAY] ITE RIYSEE ©
s (binary coding), ~L#°] 9 (gray coding), d Y (real coding) 5o 2 7}
2 29 PHE AR 2k A sl 22 3 dAgkAbel oF) A3
Zo 2 AR ALY Ee] 7187 Fx4 Fig 318 oo 2ok

Crate the initial
group

> ¥

Fitness
evaluation

Qualify for stop
condition

" No

Reproduction

v

Crosover

v

Mutation

Fig. 3.1 Operation of a genetic algorithm
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A Ao 2713, A¥E B2 AL, wHl, =

=) #383t=d o]z =Y (binary coding)S A}
U gagzte] ¢ AU, nA™ES] d7F gk 49, Bk Aok

€
21 EA Aldle ARE s f8 A9 ano]% A st aL, A Agt
B 1

2 =ioAe A5 IdE AMEstd == kst s

E =0l 9 AYUE st Aol e ArdE AT $8&o] 7t

5 = Z(RCGA)E AHE3lE= 3tk RCGAE GAMAE

FABH] W dAA e A fFAAHgene)7t EAY & wE} A
= 1) 3 Jol= o3 2o

ofl
o
_l>~
2
1o
o>4

e 31 Aead F4A)

deiyd A da wel €2 sddn

s=(S; Sz *** S *** S 3.1

A7), seRE WA F32HaL), e e e 49 e,

HAo] dol= W 2 nd AEHA Ha, A
EAFNAME M= 7HA do.

>
+
K
ofl
tlo
>
oo
ot
o
fru
FH o
>

3.2 7] 4y B4

RCGAE Q412 o] Fo7 HTHpopulationol 4 =elRse a8 27 A9
2 AgsE A7k aT AL ANE AANEA $H9 FAAE BAA H0),
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38 =% FA2 719 A(ntegral memory) 2 F&S Gt o] Jhe Alth
oA 2 (3.2)¢ ZTh No 2 vehtE o= 7] (population size)= Althzt ¥WstH
T 4 IS A7 E Ze AR s

A9 32 @D
k Althel ek Pl= AR 54 AAA= N9 7iAe] ez Aojdnt

={s1(k), sy(k) - s;(k)-sy(k)} (3.2)
E3] 27 Ad PO HANHe FA992 AAEE 39 2738 ==
APE 7o g 3 fEE 27FHS B8 AAE £ U A GEEa)
£ Boel BHT A5 2)0E FHRL, FAS O 99D P4 g
Zo=7 e EFeE TAHS BFFHL dar, o] oA FEHEZ HES
Ags) A 273 A5
B =RodAs FA9Her 2I|HGES 2738lH, 7133 273870 A
AYGs & g7t HE ALt GAA 2458 GRS 53t
WS 399 of < o, (b) < o/ASIEN, 15j=0) Wl Qo9 Yrgros

2
oX
e
i)

3.3 71& A Q4R

85 Yo UshA Ade] AT YuYFOR F
A3 R fALTLFANN ARHO R AL, @),

A4k2Hgenetic operator)E AF-8-gHrt.

g Yol g el
W ulolek &ju, of

Sadvols 2e 2

rN i rﬁ
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3.3.1 A4

A Ade ARAE B AAEHE FU e Q94 WAUFOR
7 Al AYEE AR AW o] AASS Adsty, A2e FEe F4
s Fgolth o8 Bal Wd el o AAETL SeHL, FF AA A
Hol AumAzt AYA5EE 4 A4S 717 4T Poe] HES ot
AwrHos By U AN WPol AGHY HaERe] FHY 27 @A
A AAE fAH DFde 9 + floss & ERANE 3 wH e A

33.2 @]
e AdA Ao AAATE =Wl YuPFOR FUA HOE o
5o B2 Al 847 Aoz Az dEnn. wi Aaxs U @

1
at crossover), @<= wHll(simple crossover), 4t<=2] wwlj(arithmetical crossover) 5 ©|
o, & =7 e Agd ajH o] 5o FARE AR wdste] s
e g wulel wHPde] FRAAE 4 (3.3 2ol Yt Adklinear combination)
st 2AtES AR e wulE A3 FEHQ FZEE wj29]E

o
ARG Ao A4k A Fig. 3.29F o] UEhiith

)

d

o

z;" =Ml + (1= Nz} (3.32)

J

;=X +(1-Nz; 1<j<n) (3.3b)

J
A7, Xi9 xrE ATelA ddE RE ddde] fA4, o e A

QAR F1A, )£ FAFmultipien=A TAHAY 2t fAAVY 5G4
o2 ARE F 9t 03} Lole] yeelt,
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Crossover point

Fig. 3.2 Modified simple crossover

3.3.3 ¥

w3t AP Fok A4 wulz ds Jde A so] ZHT
AR HH, ol @AAEC] A= HopyHl He acdle] "ok 2y o]k
Ago] sk 7] TAsHE FAAY gdd AdHer AHsjdocal solution)t
Abd(dead corner)el] w4 Qlo] o] & FHsl= WHOoE A5 EdHel(uniform
mutation), ZA &< ol(boundary mutation), %2 &% o](dynamic mutation)
TE AHgdth B =RdAE 54 EARIOIE AMESITH30L B3 EdWe] o
e At 2714 A gAEtS 75 SEE gAst, Aloigrt Frkstd
A g Ss F3 AgHoz gASle =dwel 58 U ﬂt\‘iol A4t
AR AA A= Ao sich. oh-9) Fig. 3.3% Zo] jHAl fZAlolA
QW7 oyl ;= B A CAHRRYH 24490

N
A"
off

o

<

XJH Xn-l n $ § = X1 XZ Xj XJH Xn-l Xn

w?
1
el
<
w5

Fig. 3.3 Dynamic mutation

I (3.4

{@+A(k,£f[] —Z;,if =0
TN = -
N4 Az, -2 ifr=1

A7A, & e B3 A el Edwe] el ofsf AldlE jwAl fxiak

ot

0= 5

rr

1&

ol

77, 2 e Az s aane] g

Kok, T

rlr
e
T
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A 2 GOAA Aky)E the3 Zrh

Alky)=yr (1— )" 35)

AZ1M, 2 03} 1Al A b, T s Fe A A=, k=
A, b= E4® A5E Ueh= AR o 24 5= vzl golt

34 A¥=E Hr}

AFAA A Aolrbe WA AEL 1 EA o
gt ol FALdnEEe HHse] 3
evaluation & o= wrdsich A4, wnl, S0l
FAEHL, NA APJEe FH4FF °ﬂ ofs| Hridoh Ao Z7lol wt o
= AldielA Adexa, 248 PE]% o] ZAAHA "tk o] HAoA HF=Th
Z ANAZE o B& R4S RS F UEE wHsty] s AdE e A
3t EAIZ FFEOoF 3HH, 9 @S ZHA| olof gtk wEkA HojE e H
43t AR ZleHe FATFERH AAT AYgd: e ded 2 AV

(mapping)& &3ty UEH o5 2T

A3 A -

fls(k)=TFxk)—~ (3.62)
a3 EA

fls(k)= —Fxk)—y (3.6b)
A7V A, s (k) 75.?:}5 3, Fle (k) 58S, ke A, v & 34

e rr
I» A
o
o

fls) >0 BA3}
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FALIYFL E3v &2 Ade HFT W AT A= Ht
Bol & FES " wef 27] Althel el =5F JHAVE 2@

A AtAE o] AAE o8 W BASA Ha, 1 A o]5o] JEE A
A Eol A HHHoer F3 sRsta, W2 7] Addls FHdel
MAEel 3 A Fo=2 ZHH T2 A 6 Y2 JHAE FEs17F f4A
A B 2YA z2rldE AL e FE3 AT F UAEF A
kel FoA AFE FFE EAFAL, FU]ds L Yol AAA siA AdeEist

-
(selection pressure)-s YAl F==lslok St

-

33

==
2
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o
oo
e
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=
ot
oz
¥
o
>,
ofo
i
¥
o
=
>
_>|i
lo
oZ
rE
flo
rx
ot
[
i
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g
@
=
a
=

78] e A Aee] i 2ALH A= W E ARt dEgE #FAs

QFsted, BT Algdeld Ax W,=12 A9 afHelgta BRI £

sEdAE W, & 12 AT 2AL" A% 7EE AHESoh

3.6 AYE A

T dagFolA Abgshs el FARRE A HAH A e B
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= 5¢ 392 = ok dYE HZHEltist strategy)S g Al

o] HZ A 28-S PAsE YO, old AUy HF MAES AAsta

& HAH AATE £2E2F 7/\01 A=A dAMdel 7

2 Ao} mghate] o W

2 AUz AgE s S 2T dukzoz fHY
&

(i
=
2
ﬂllﬂl
)
o
(i
e
Y
:.:

3.7 F5x4

FRAGuY S0 FEA BHog o AHeo] AY Fo =2a ZAA
obe Zol fA gtk a2y FAZA HeS B3 AL nUES A A
A mOFE A71E WS ALgste] whek HF AtiZA [ske GAA 7 7
=& 03 so] A FaA =W, AF AUFE STHAA oA moEE
AYPsA ey = g2 PyPon BH}SE o) LS AHsta, Avet #A
Qo] BAFETL §8A o] Solo meAsE FaAE EE Yk B
=R AE M Fazde AHEaT

3.8 A=A

28t ZA A AL

=
h=
g F JA, 7 dakAEe] 4 iﬂ

of Az oAEA AHEste=A nH I

AFzds Agshe YHde I3 =5 FARS FAA7F st =5 He
= AXAZHrejecting strategy), 31571(decodent} B+ Lare]E(repairing algorithm)<-
Abgste] FARE AMAE A A shs 7 2Hrepairing strategy), H4Y
AE AdAo] & FAHESE A w2t 2H3 doly T2 Add #4

of

AAAE Tk f A A4kl B9 A =Hmodifying genetic operator strategy),
B 7% (penalty pressure)E 3 AASA FAStE 1A BAASH AgzA
< %‘é}f& AT U A e @& B4 A=E WAse 7hd d3 dge=w
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TE3l= ¥ 2Hpenalty pressure)o] UATh

B =RoAE 9 Ay 14 WY A=3R]E ARESt A2 ds yEsth ¥
A A AgRds 7HE HE3 BAEY 8l stlA Agd d97 A 9
Ho = profAa, wheF darg|ge] HAYRE F9e BT Adde <

< Priskr Aake] mdsle] AekzAo] wEE AAE A2 Aokzo] 9=
AR HEgit) iR Alo] Al-Hle ot 2 4SS JelsHA "ok

D A Aol Aojs= HAeH7EMD,)

2) A QAAZHL,)

4) AN

5) A7 22K e,,)

o)

oS AzE MA Al ATHE ARES Fs] 1T axE YD
% gtk olH@ AGEAS WSt JF2EN A SEANE 9T Ao
AL BET A AAS BAZ WAL 1 A8 T A /ALY E
& Agdh FALTEF] Aojrle] o5 YAsE FHA Yrhhe] w
3l 350 & BANG Aol o F A7 9
g wHe

A EE WS

=

Fy) = J()+ P($) 37
0 L AgR AL AS
)
PSS g2 ), w7k AT AL A

,30,

Collection @ kmou



_—

A7IM, wye A Adzdd tsEHe AAAC i ABEHe BHET,

g,()E vol AL BEIAE B5, Jp)E vl FHHAE BARS ol

tlo

ol Eall A HAHS £Ae A=Y WA DHEAL, Fy)E HLEE

s Aoy HAS BA v,
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Al 4 & RCGA 714k 8] AH¥ PI Aloj7] AA

B ool S4 HAE Pl Aozl Fxsh o5 B4 sl A a
Jel3 A3l A thE RCGAE ARgatel Aloj7] AANGS BEsts 7hagul
el £ Aoi7]e] AAWEH Aol7] o5 Fxol tis) Lolrr,

4.1 W49 Pl #9719 o5 &4

Maxwello] 186813 PID A|ojoll #3F o2& AJlgh o]F= Iukd oz PLCo
W PID Alof7]ss £33t G4 95% ©]do] PID Aoj71& A&t
1 QJTh 23 AlojolEe WEH TEY & HG o83 AIEEe )
A, 283 MMIMan Machine Interface)®] =9 522 PID A7 &&=
05 gdiga glew, 7F2ERl 713 £EA|ojol4 = FADEC(Full Authority

Digital Electrical Controller) A& o]&7}x]& PID #|o]7] & o] &3] 33l

b

PD Aol o3t Azol ojs) Hel, AR, nEe A A2 FHE Anow
Aoi7le] E¥o] ARHBE 7t 059 e WAL A Fxshe 3
ol Wastth Lol BE 4% AAEY) A3 e Yol ATHT gow

B =R A= xtdd wel Aojr]e] o5& nAdgH oz WHEtA 7] 93 H]
A3 42 AL B3 Pl Ao} 7](NPL Nonlinear PI controllenN& Ea) 712
BNl 7139 £ 55 Aotz 3}

dubE o2 NPI Aloj7]e] o] 52 AHg F32 52 Alo] $Ae ue} vt 3
T2 827 718y FE AR =(sigmoidy} 43 A(hyperbolic) 7} o] &
= th ® =RolAME destn FEs] AR 4 DI 2 FEFE o8

e
v
B 30w
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2l (4.D& Fig. 413 Zo] »yehd = doH, plo)+ Ao e owmgint

+
r+ K. (e) +lu p(s) y
_f S

Fig. 4.1 NPI control system

A 4
7~
~
(¢}
~

\ 4

\ 4

411 ¥AE HE o5

HE F2 w0 vE 0|53 AA exke] =re] wel WA doh Ao} $%7
&5 w2 s ext F Wl vy o5& ZA sla, SRel A E
Ao =g a7t AL W= ﬂl*o}oﬁ Z ¥lE o5 #s FASH HA ek
o ¥F

of Qo] FZHo] eWFES} NFoR a] BAHAAER o] PAY £ 9
olofgitt. B =i ol& EE%EH HdE Bl o5 K, (e)o] A717F 24 9]
719 2} 2HHES 4 4.2)F AHEITH
K,(e)=K,f,(e) (4.22)
RN
frle)=1 ot o) (4.2b)

A7A, K= o= A= & 3= f,(e)e F 32IE o, (= 1)% ¢,(>0)F
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9 4 (4DF BE 0P} AR £, (e) e 12 525

\
%
E
rlI.
=
i
Q
X
N
s
®
Il
(@)
o

S (1- )2 S8 a,9% ¢, & A7 7, ()9 2ol B 2AsHE setvieel
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Fig. 4.4 Optimal tuning of NPI controller using a RCGA
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Fold = SITH36].

370e] ZRHAA F3 =& MD1, MD2, MD3oll thall H7tert HAazks 2t
% RCGAE Fx3%th RCGAS IHetr|g& e =7] Psize=50, wvjgE Pc
=0.9, Edwo]l & Pm=0.05, EdWo] Vm=55 A}&3}1, NPl #A|oj7]9] w}z}n

Bl §A7HE 0.1 < K, K, <10, 0.1 < a,¢,c; < 152 ok

Table 4.1¢ E23 NPI Alo}7]9] shepvle| S A2jste] Yepa Zo|w, Fig. 45
£ = MDIolA NPI Aloj7]e] sebulel 8 whalals 7€ Uepd 2ol

Table 4.1 Parameters of NPI controller on gas turbine engine models

Parameters
K, K; a, c, ¢

Models
MD1

4.563 0.902 2.328 4.323 12.304
7,000[rpm]
MD2

5.775 2.232 1.757 4.512 9.93
8,000[rpm]
MD3 7.39 5.7329 2.492 7.939 12.991
9,000[rpm] ' ' ' ' '
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Fig. 4.5 Tuning process for NPI parameters on gas turbine engine MD1
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A71A, we AAAZ AFste Adzde desHs BH A gw)e ¢l

z271& WEFde 7, JpypT [TAEE AR B2 ol

ITAEE AAZte] =ddol thste] BHe F& e /83 7202 A
= Aok XS RAF S ()7 Al s Ak HAE BA
2 w7 G937l §) gL BE2MEE Jehld Fig 4.63 2t

RCGA
r+ ~ NRI u ’C Usat | Gas turbine y
R "| Contrdller [ 0 “| engine e
K,.K;,a,,c,,c;

i2Spo

Fig. 4.6 Optimal tuning of constrained NPI controller using a RCGA
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Table 4.2 Concerned constraints NPI parameters on gas turbine engine models

Parameters
K, K, a, c, ¢
Models
MD1 3.804 0.725 4.236 13.681 8.45
7,000[rpm] ' ' ' ' '
Mb2 4.468 1.763 8.766 4.894 5.216
8,000[rpm] ' ' ' ' '
MD3
7.038 5.164 12.565 4.145 11.136
9,000[rpm]
0.8 T T 15
............. J
N\ \ T Kp
Ki
. ap
cp
. 06 ci H10
5
E : £
S
0.4+ - 45
02 B L 777777777! L .\ """"""" L o
0 5 10 15 20 25 30

Generation

Fig. 4.7 Tuning process for concerned constraints NPI parameters

on gas turbine engine MD1
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W 7]#e] A B mdEel MDI, MD2, MD3E tiido=z T 7} o] Al EFH oA
A A g

X
ofh
fuj

AN, AkrAe LeAsA e A9 A BEG Wskel B 3G
shlgtth vlw EH o= A kg NPI #Al|of”], Chene] &H-gA|o17], Z-N &=
H g Aol B A7 mlol A gajel AEdold B,

=AE, Adzxdes 1y AF-EA AL NPL Aloj7)7F o130 Al ef=
s

et A Exgs & FFskeA Algdolds T 1 frEde ASIh

51 AFzAE 1A &S B¢

511 249 MDI1A AeHlaL

Table 5.1 &2 o] 7,000 [rpm]Q! 7F~EQl 7|32 M B md MDI1oAe] NPI Ao
7], Chen®] 2-&Ao17] & Z-No| PID Ao17]9] wehu|elE Aejste] vehdl Zlojt.

Table 5.1 Parameter alues of controllers for gas turbine engine MD1

Parameters
Methods
Kp K Kl ap Cp C; n m
Proposed NPI | 4.563 | 0.902 - 2.328 | 4.323 | 12.304 - -
Chen - - - - - - 0.2 2
Z-N 5.874 | 6.087 | 1.415 - - - - -
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Fig. 518 7}2~E4¥ 7|3 =49 MD1-Z 6,500[rpmlol A4 & slch71 7,000(rpm]
o2 AR FRxHUS HIAZ S WY AT 5 2 Aod™, 1 Ak
gk NPI #Aloj7]9] o] 5 W3tE yekd Zloltt. Table 5.2+ $H4HsS AFAHL
2 Alustr] faiA MEE LHFE (M), TR, FeAZE(¢,), 2% 78

p
AAZE(), AU 2AAE AES A3

)

Aelth,

Fig. 513 Table 525 EW GsAZH2 Z-Ne] PD A7} 7P o MEs
SHFEZE 7HE =23 AAARE A Chendl AHSAoV7 = s Z-N9|
PID Ajoj7]ol By A, AQFgE NPI A|oj7| Bk Zrov; 13 MES LHFE
7 A3 ARl At ARERE NPL A7+ ezt 7h AARE ke
A= AZS] ARbeIH, eWrETE A9 YEhA] il AAANE g Alo)r|HT
2 Fok

s

Table 5.2 Performances comparison of controllers for MD1

Performances
Methods M,[%] t,[s] t,[s] t,[s] AR
Over shoot | Peak time | Rise time | Settling time
NPI 0.2845 2.447 0.652 1.418 0.444
Chen 32.214 1.712 0.525 4.894 0.609
Z-N 56.194 1.414 0.349 4.984 0.748
Including delay time 0.5[s]
— 43 —
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Fig. 5.1 Step responses, control inputs and gains of controllers for MD1
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Table 5.3 2 o] 8,000 [rpmlQ] 7F2=E{¥l 7]&#e] AH =& MD2e4] 2] NPI Ao
7], Chen®] #-gA1017] & Z-Ne| PID Aloj7]9] sehnlelE Aeste] vepd Zlo|th

Table 5.3 Parameter values of controllers for gas turbine engine MD2

Parameters
Methods
K, K, K, a, c, ¢ N m
Proposed NPI | 5.775 | 2.232 - 1.757 | 4.512 | 9.93 - -
Chen - - - - - - 0.2 3
Z-N 6.87 | 9.814 | 1.202 - - - - -

Fig. 5.2& 7}2E¥ 719 24 MD2E 7,500[rpm]ol A 2 3}c}k7) 8,000irpm] o2 7
o] RIS MsAFHS W AT SH F Aloid™, 28] Ak NP Alo]7]
9] o]& WM3}lE Yehd Zoltk Table 54+ $9A4%S AFF o2 Yeh Aotk

Fig. 5.2¢} Table 5.4 BH A do= MD1Y} BI=gh A3dFS Holal 9t} Z-N
o] PID Aoj7]= gzt LHFES] SHoA = Chene| #H-&Alo17]¢k Hls
w AAAIZEe] dnh AR NPL Alojr]= At ods] oz AAw W&

QMHET} Aol Q1 FHAZES TE Fol7RT AN BTk

Table 5.4 Performances comparison of controllers for MD2

Performances
Methods M,[%] t,[s] t,[s] t[s] IAE
Over shoot | Peak time | Rise time | Settling time
NPI 0.0665 0.992 0.411 0.900 0.297
Chen 12.034 1.088 0.321 5.262 0.493
Z-N 15.612 0.966 0.247 3.461 0.476
Including delay time 0.35[s]
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Fig. 5.2 Step responses, control inputs and gains of controllers for MD2
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Table 5.5% 52 0] 9,000 [rpm]l 7F2~EW 71382 B
7], Chen®] 2-&Ao17] & Z-No| PID Ao17]9] wepu|elE Aejste] vehdl Zlojt.

2 MD3ell 4] NPL Ao

B
a|

Table 5.5 Parameter values of controllers for gas turbine engine MD3

Parameters
Methods
Kp K Kl ap Cp Ci n m
Proposed NPI | 7.39 |5.7329| - 2.492 | 7.939|12.991 - -
Chen - - - - - - 0.2 4
Z-N 9.732 127.414|0.863 - - - - -

Fig. 532 7F2=E4l 7|3 22 MD3E 8,500[rpmlollA %3tth7} 9,000irpm] .= A
el Fxge HEAze Wl Ad S B AlojdH, T8ja ARk NP Alof7]
°o]= W35 yehd Zlolth Table 5.6& SHA85= AFH o= Yehd Aol

Fig. 5.3¥% Table 5.6 HW HAHo= MD1 9 MD29] 7-¢-¢F M=%k
Chene| #-&Alof7] e} wlszabar, Wi

£ Aol sl n Hoh.

o

B3tk A NPI Aloj7]= Azt
SHFTEZE A 1o ZAAARLE B

Table 5.6 Performances comparison of controllers for MD3

Performances
Methods M,[%] t,[s] t,[s] t,[s] AR
Over shoot | Peak time | Rise time | Settling time
NPI 0.0232 0.833 0.226 0.476 0.151
Chen 3.618 0.568 0.200 2.684 0.223
Z-N 8.85 0.473 0.123 1.744 0.235
Including delay time 0.17[s]
— 4’7 —

Collection @ kmou




©
o

B
=
mo 9
X,
o
[}
a — Proposed
@ 85 Chen
““““““““““ ZN
[ L L [ [ L [ T T
0 1 2 3 4 5 6 7 8 9 10
Time[s]
(a) Step responses of controllers for MD3
T T T
E |
S
o
c
—18 .
o
s ] N — Proposed ||
o 16 i Chen H
““““““““““ ZN
14 L [ [ [ [ [ [ T T
0 1 2 3 4 5 6 7 8 9 10
Time[s]
(b) Control inputs of controllers for MD3
8 T

Parameters
o
T
|

0 I I I I I I I I I
0 1 2 3 4 5 6 7 8 9 10

Time]s]

(¢) Gains of NPI controller for MD3

Fig. 5.3 Step responses, control inputs and gains of controllers for MD3
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Fig. 51 ~ 5304 Alojdgd 2 379 g W9 QoA F&sta lom &
al

g Azl AP et AFo] ZTolSWA Zxghel =L@ 12
Q

2% BARAANZ(t), AR A 2

s
Aot IAES] g2 A&7 2E 2ol Ak NPI Aloj77F 74 A,

5.2 A=< 17 A5

7 mdoA eHFEZL RS Ge AAAGE Adzrdoes 1Hdt ¢
RCGAZ &Z%F NPI Aloj~7]9] utejv el = Al44-e] Table 4.29F 2t}

Fig. 5.4 ~ Fig. 5.6 MD1, MD2, MD3¢l| A|ekx=71-S 31843k NPl #A|oj7] 2] A

dHo W 7 AgdH g NPl Ale]7]e] o]5E0] Alojs2t Fol 4
st S U Table 5.7 S@Ad 5o AFH o= vlustr] 98l A
BEE LHFE (M), B, 2% BEAZE(), AL At 22 IAEE A
23k Zlolth
Table 5.7 Performances comparison of concerned constraints on
gas turbine engine models
Parameters M,[%] t,[s] t,[sl AR
Models Over shoot | Rise time | Settling time
MD1
0.0000 0.8198 4.5575 0.5297
7,000[rpm]
MD2
0.0000 0.6903 1.4201 0.3738
8,000[rpm]
MD3
0.0000 0.2660 0.6710 0.1669
9,000[rpm]

Including MD1 delay time 0.5[s], MD2 delay time 0.35[s], MD3 delay time 0.17[s]
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Fig. 5.4 Step response, control input and gains of concerned

constraints NPI controller for MD1
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